Objective: The levels of uncoupling protein 2 (UCP2) mRNA and determinants of respiration (ATP synthesis, proton leak and non-mitochondrial respiration) were evaluated in Kupffer cells isolated from the livers of normal euthyroid, acute hyperthyroid and chronic hyperthyroid rats. Methods: After liver perfusion, Kupffer cells were puri®ed by density-gradient centrifugation followed by counter¯ow centrifugal elutriation. UCP2 mRNA levels were measured by Northern blot and respiratory parameters by polarographic method. Results: In cells isolated from hyperthyroid (tri-iodothyronine (T 3 )-treated) rats, the effect of T 3 treatment on the UCP2 mRNA level varied: it was more than doubled P , 0X05 in acutely T 3 -treated rats but, after chronic (3-week) T 3 treatment, it was only 30% (not statistically signi®cant) above the control (euthyroid) level. In Kupffer cells from the livers of chronic hyperthyroid rats, we observed an increase in total respiration rate, with an increase in the percentage attributable to the proton leak and a corresponding decrease in the percentage attributable to ATP synthesis (no alteration was observed in the percentage attributable to non-mitochondrial respiration). In the acute hyperthyroid rats, no signi®cant differences were observed in any of the respiratory parameters, although they all tended to increase. Conclusion: These data are indicative of a possible uncoupling effect of UCP2 in Kupffer cells. T 3 , by enhancing the expression of UCP2, could play a role in the energy homeostasis of these cells.
Introduction
The liver is one of the main organs used to study the effects of thyroid hormones on energy metabolism and, as parenchymal cells constitute the bulk of the liver, hepatocytes have been used almost exclusively in such studies. The studies performed on these cells have permitted a clear characterization of their metabolic parameters as well as of the effects exerted on them by hormones and their role in the control of energy expenditure (1, 2) . The liver contributes both to coldinduced thermogenesis and to the calorigenic effects of thyroid hormones. Although it is assumed that both cold and thyroid hormones induce an uncoupling of liver mitochondria (3, 4) , the cellular mechanisms underlying these effects remain obscure. Actually, the molecular determinants of energy expenditure are, at present, largely unknown. However, besides the uncoupling protein (UCP) present in brown adipose tissue (termed UCP1), three UCP homologues have been identi®ed: these are either widely expressed throughout the body (UCP2) (5, 6) or expressed abundantly in skeletal muscle (UCP3) (7, 8) or brain (UCP4) (9, 10) . Because of their location, UCP2 and UCP3 may play important roles in the regulation of energy balance (11±14). Other important evidence pointing in this direction comes from reports that tri-iodothyronine (T 3 ) stimulates the expression of the mRNAs for UCP1 (15) , UCP2 (16±19) and UCP3 (11, 18, 20, 21) . At least in the case UCP1, this stimulation seems to re¯ect a direct, not a permissive role (15) . The functional properties of these new uncoupling proteins, however, are still largely unknown.
The family of uncoupling proteins is thought to play important roles in the regulation of energy metabolism by uncoupling the respiratory chain reactions from ATP synthesis. However, an uncoupling effect of UCP2 and UCP3 has been shown predominantly when they are ectopically expressed in yeast strains or in transformed mammalian cells (for review, see 22) . When they are eutopically expressed, it is dif®cult to establish a clear correlation between the presence of UCP and uncoupling activity, even if, at least for UCP3, it has been recently shown that (a) a good correlation exists between mRNA expression and mitochondrial coupling in rat skeletal muscle (21) , (b) skeletal muscle mitochondria lacking UCP3 show better coupling than wild-type mitochondria (23) and (c) mitochondria overexpressing UCP3 are more uncoupled than wildtype ones (24) . No similar evidence exists for UCP2.
It has recently been shown that UCP2 mRNA is expressed in the liver only in non-parenchymal cells (25) , such as Kupffer cells, and that it is expressed only in transformed, not in normal hepatocytes (26) . In Kupffer cells, in contrast to the situation in hepatocytes, few studies have been performed on metabolic parameters and their regulation by thyroid hormones. In view of the above considerations, and in order to gain greater insight into the role of UCP2, we studied its expression in Kupffer cells obtained from rats in various thyroid states and we also measured respiratory parameters in the same cells. As far as we know, the role of T 3 on metabolic parameters in isolated Kupffer cells has not previously been investigated. In the present study, the effects of T 3 on both the UCP2 mRNA level and determinants of respiration (ATP synthesis, proton leak and non-mitochondrial respiration) were evaluated in isolated Kupffer cells.
Materials and methods

Treatment of rats
Male Wistar rats (220±230 g) were kept under arti®cial lighting (12 h light:12 h darkness) in a temperature-controlled room at 28 8C. They were allowed standard laboratory chow and water ad libitum. Acute hyperthyroidism was induced in euthyroid rats by i.p. injection of T 3 (25 mg/100 g body weight (b.w.)) 48 h before they were killed. Chronic hyperthyroidism was induced in euthyroid rats by daily i.p. injection of 15 mg T 3 /100 g b.w. for 3 weeks. Euthyroid rat controls were injected with saline.
Resting metabolism and thyroid hormone levels in serum
Resting metabolism was measured by indirect calorimetry, as previously reported (27) and thyroid hormone serum levels were measured by radioimmunoassay (Becton-Dickinson, Orangenburg, NJ, USA).
Cell preparation
Kupffer cells were isolated from euthyroid and hyperthyroid male Wistar rats as described elsewhere (28, 29) . Brie¯y, the liver was ®rst perfused in situ through the portal vein with a calcium-deprived Krebs±Ringer buffer (KRB). Hepatocytes were digested with 0.1% pronase in KRB for 5 min at 37 8C following perfusion with KRB containing 0.04% collagenase and 0.02% pronase for 30 min at 37 8C under recirculating conditions. The cell suspension was then incubated for 20 min under magnetic stirring at 37 8C with KRB containing 0.03% collagenase, 0.01% pronase and 0.001% DNAse I at pH 7.4. The remaining nonparenchymal cells were centrifuged for 10 min at 400 g. Kupffer cells were puri®ed by single-layer 15.7% Nycodenz (Sigma-Aldrich, Milan, Italy) density-gradient centrifugation, followed by counterow centrifugal elutriation in a JE 6B rotor (Beckman, Palo Alto, CA, USA). The viability and number of Kupffer cells in the resulting suspension were determined by the Trypan blue exclusion test. The cell preparation was characterized by immunoreactivity with the monoclonal antibody ED2 (30) . More than 90% of the cells were positive when stained with this antibody.
Measurement of respiration rate
Kupffer cells were incubated in a medium containing 125 mmol/l NaCl, 5.2 mmol/l KCl, 1 mmol/l Na 2 PO 4 , 0.5 mmol/l CaCl 2 , 10 mmol/l glucose and 10 mmol/l Hepes, pH 7.3. For all experiments, cells were incubated at 5 Â 10 6 cells/ml at 37 8C. Oxygen consumption was measured using a Clark-type oxygen electrode. The cell suspension in the Perspex incubation chamber of the electrode was magnetically stirred and thermostatically maintained at 37 8C. The non-mitochondrial oxygen consumption rate was measured in the presence of antimycin (0.5 mg/ml). The upper limit of the respiration driving the proton leak was taken as the oxygen consumption rate in the presence of oligomycin (10 mg/ml) minus the oxygen consumption rate in the presence of antimycin. The lower limit of the respiration driving ATP synthesis was taken as the control oxygen consumption rate minus the oxygen consumption rate in the presence of oligomycin (31, 32) .
RNA isolation and Northern blotting
Total RNA was puri®ed from isolated Kupffer cells using acid guanidinium thyocyanate±phenol±chloroform extraction (33) . RNA was quanti®ed by measuring absorbance at 260 nm. Samples were stored at 280 8C until used. For Northern blot, 20 mg total RNA were separated on 1% agarose gel containing 2.2 mol/l formaldehyde in 20 mmol/l MOPS, pH 7.0, 5 mmol/l sodium acetate and 1 mmol/l disodium EDTA. Ethidium bromide was added to electrophoresed samples so that RNA integrity and loading could be veri®ed. RNA was transferred onto nylon membranes with 20 Â SSC (1 Â SSC 150 mmolal NaCl and 15 mmol/l sodium citrate, pH 7.0). To detect speci®c mRNA, we used a 900 bp probe derived from murine UCP2 cDNA (GenBank accession number U69135) (5) which was labelled with 32 P using a random priming system. Hybridization and washing were carried out as previously described (34) . To ensure even loading, the membranes were stripped and rehybridized with a rat 18S rDNA probe provided by Dr I G Wool (35) . The signal intensity of the autoradiograms was quanti®ed densitometrically using a Scion Image PC Software package (Scion Corporation, USA). Arbitrary densitometric units were normalized with respect to 18S and expressed as a percentage of the control value.
Statistical analysis
Results are expressed as means^S.E. The statistical signi®cance of differences between groups was determined by a one-way analysis of variance followed by a Student±Newman±Keuls test.
Results
Body weight, serum levels of thyroid hormones and resting metabolism (RM) in euthyroid and chronic hyperthyroid rats At the beginning of the experiments, the rats weighed 200^12 gX At the end of the treatment, they weighed 300^20 gX No signi®cant differences were observed between euthyroid and hyperthyroid rats. To make sure that the rats were really hyperthyroid, we measured RM and T 3 serum levels in euthyroid and hyperthyroid rats (Table 1) . When compared with the euthyroid rats, the acutely and chronically T 3 -treated rats had RM levels 23% and 67% higher respectively. The free and total T 3 serum levels were, respectively, 2.5 times and 4.5 times the euthyroid level in chronically T 3 -treated rats; the corresponding ®gures were 75% and 154%, respectively, in acutely T 3 -treated rats. These data are in accordance with the T 3 -treated animals being in the expected hyperthyroid state, even if the chronically T 3 -treated rats showed higher values than the acutely T 3 -treated ones.
UCP2 mRNA levels in Kupffer cells isolated from euthyroid and hyperthyroid rats
As shown in Fig. 1, UCP2 mRNA was clearly detected in Kupffer cells from control euthyroid animals. In cells isolated from hyperthyroid rats, the UCP2 mRNA levels showed evidence that the effect depends on the duration of T 3 treatment. The UCP2 mRNA level was more than doubled in the acutely T 3 -treated rats. However, the level in the chronic T 3 -treated group, although tending to be higher than in control animals (+30%, not signi®cant), was signi®cantly lower than in the acute hyperthyroid rats. UCP2 mRNA was not expressed in euthyroid parenchymal cells and its expression was not induced by either of the T 3 treatments (data not shown). Table 1 Resting metabolic rate and serum levels of thyroid hormones in euthyroid (C), acute hyperthyroid (T3-A) and chronic hyperthyroid rats (T3-C). Values are the mean^S.E. of three to four independent experiments. 
Respiratory parameters in Kupffer cells isolated from euthyroid and chronic hyperthyroid rats
As shown in Table 2 , the respiratory parameters were more or less doubled in cells isolated from chronic hyperthyroid rats, except for respiration due to the proton leak, which was almost quadrupled. In percentage terms (Table 2) , the proton leak accounted for 8% of Kupffer-cell respiration in cells from euthyroid rats but for 16% in cells from chronic hyperthyroid ones. Accordingly, since an insigni®cant alteration was observed in the respiration rate due to non-mitochondrial respiration, the percentage of respiration attributable to ATP synthesis varied in the opposite way: it represented 76% and 67% of total respiration in the euthyroid and chronic hyperthyroid rats respectively. Cells isolated from acute hyperthyroid rats showed consistent, even if statistically insigni®cant, increases in the values of the measured respiratory parameters (between 26±28% and 60±64%).
Discussion
In the present study, UCP2 mRNA was clearly detected in Kupffer cells isolated from euthyroid rats, con®rming a previous report from Ricquier's group (25) . Our data also show that the UCP2 mRNA level in the Kupffer cell is clearly affected by T 3 , although this effect depends on the duration of the treatment. In fact, 48 h after a single injection of T 3 the UCP2 mRNA level was more than doubled, but the increase above the euthyroid level was signi®cantly smaller after chronic T 3 treatment. These data are not surprising since other authors have already shown a similar two-phase regulation of UCP3 by cold and of UCP2 by beza®brate (36, 37 ).
An interesting controversial question concerning UCP2 is its capacity to uncouple respiration. When mouse UCP2 is expressed in yeast cells it can certainly uncouple respiration (5) but the idea of its having a role as an uncoupler has received both support and opposition (for review, see 22) . The discrepancies may be due to the methods used to measure the leak in vitro, where several factors (such as mitochondrial purity, the presence of fatty acids and the presence or absence of regulatory factors) may in¯uence the assay. Under our conditions, however, these factors were less relevant because we measured the respiratory determinants in intact cells. In the euthyroid state, the percentage values we obtained for respiratory determinants (proton leak, non-mitochondrial respiration and ATP synthesis) are close to the range of values reported for hepatocytes (38) . However, by comparison with hepatocytes, Kupffer cells show a lower degree of leakage (8% in Kupffer cells and 19±25% in hepatocytes) and use a higher percentage of respiration to drive ATP synthesis (76% in Kupffer cells and 67% in hepatocytes). We could argue that Kupffer-cell mitochondria, in spite of the presence of an uncoupling protein, are better coupled than hepatocytes. However, following the recent identi®cation of a new member of the uncoupling protein family (termed UCP5) in various cells including hepatocytes (39) , the contradiction may prove to be more apparent than real.
The precise function and biological importance of UCP2 and its regulation by T 3 in Kupffer cells is not clear at the moment. In this study, we have tried to make a contribution to the clari®cation of this problem by correlating the T 3 -induced UCP2 mRNA levels with the values of the mitochondrial respiratory parameters. Under our conditions, we found that, in Kupffer cells, accompanying the T 3 -induced increase in the UCP2 mRNA level there are increases in mitochondrial respiratory parameters, with the increase in the contribution made by the proton leak to total cellular respiration being the most marked. However, although in chronically treated rats the level of the mRNA was lower than in acutely treated rats, the increase in the contribution made by the proton leak to total respiration was signi®cantly greater. A possible explanation could be that in acutely treated rats, but not in chronically treated ones, the increase in the UCP2 transcript is not re¯ected by a parallel increase in the concentration of the protein in the mitochondria. It would be very interesting to check this directly but at the moment there are unfortunately no UCP2 antibodies that will unequivocally detect UCP2 protein.
If, in the chronically treated rats, in spite of a lower level of UCP2 mRNA (compared with the acutely treated rats), there is indeed an increase in the expression of the protein, the results presented here would be in agreement with a possible uncoupling effect of UCP2 and could suggest a role for these cells in liver thermogenesis. The contribution made by liver thermogenesis to the resting metabolic rate amounts to about 10±20%, but little attention has been paid to the role of the various cell types present in the liver, since the contribution made by cells other than hepatocytes to energy metabolism has been assumed to be small. Indeed, mitochondria from Kupffer cells account for a small proportion of total liver mitochondria (40) . However, apart from a general, albeit weak, thermoregulatory role, the induction of UCP2 in Kupffer cells may be involved in a cell-speci®c mechanism of thermoregulation (important because macrophages are involved in in¯ammatory processes). Other roles are also possible, even if they must remain speculative at the moment. For example, it is noteworthy that UCP2 is expressed in all macrophage-containing tissues, such as spleen, thymus and bone marrow (5) . Macrophages, including Kupffer cells, usually respond to stimuli with particular metabolic responses, such as the`oxygen burst' during phagocytosis (for review, see 41) . This process generates large quantities of superoxide, a species that is strongly antimicrobial but may also cause damage and contribute to in¯ammatory tissue injury. As an increase in the expression of UCP2 is associated with a decrease in the production of reactive oxygen species by mitochondria (42), the induction of UCP2 by T 3 in Kupffer cells may represent an antioxidant defence mechanism in these cells.
In conclusion, the results presented here suggest that T 3 , by enhancing the expression of UCP2, may play a role in the Kupffer cell's energy homeostasis. However, further investigations are needed before we can be clear about the physiological implications of this effect.
